We propose that the X-ray emission detected by Chandra from the 100-kiloparsec-scale jet of PKS 0637-752 is produced through inverse -3 -
Introduction
The discovery made by Chandra of a handful of X-ray emitting kiloparsec-scale jets opens a new window on the study of the physics of relativistic jets. The X-ray emission offers the possibility to observe directly the sites of particle acceleration, and allows us to calculate important physical quantities such as the transported power. For this purpose it is of primary importance to establish the mechanism responsible for the observed X-ray emission.
Recently Chartas et al. (2000) and Schwartz et al. (2000) reported the discovery of the X-ray emission from the jet of a distant powerful quasar PKS 0637-752 (z = 0.651).
From the shape of the spectral energy distribution, one can exclude that the origin of the X-rays is synchrotron emission from the same electron population responsible for the radio continuum. This is because the observed optical flux is well below (about a factor of 10) the line connecting smoothly the radio and X-ray emission. Schwartz et al. (2000) , in discussing several possibilities for producing the observed X-rays from knot WK7.8 (notation from Schwartz et al. 2000) , exclude bremsstrahlung emission and inverse-Compton scattering of photons originating in the quasar. The synchrotron self-Compton (SSC) scenario implies a magnetic field well below the equipartition value, so Schwartz et al. conclude that a viable explanation is de-beamed SSC emission. However, this solution also presents problems which we address here.
In this letter we discuss the possibility that X-rays are produced through inverse Compton scattering of photons of the Cosmic Microwave Background (CMB). The observed superluminal motion in the jet on parsec scales, together with the close alignment between parsec and kiloparsec scale jets (e.g., Tingay et al. 1998 , Schwartz et al. 2000 suggests that the kiloparsec scale emission could be beamed, with a Doppler factor as high as 10-15.
This effect was possibly not taken into account in the CMB model discussed by Chartas et -4 -al. (2000; see their Fig. 8) . If the X-ray jet of PKS 0637-752 is indeed sufficiently Doppler beamed, inverse Compton scattering of CMB photons can easily explain the observed X-ray emission. In § 2 we discuss in detail the implications of an EC/CMB vs an SSC model and in § 3 we summarize our conclusions. Througout the Letter we assume H • = 50 km s −1
Mpc
−1 and q • = 0.
Synchrotron Self-Compton versus the External Compton CMB Model

General Constraints
Given the observed spectral energy distribution of knot WK7.8 in PKS 0637-752, the most plausible mechanism responsible for the X-ray emission is inverse Compton scattering, although other mechanisms, such as synchrotron emission from a second electron population can not be ruled out. Possible sources of soft photons include the synchrotron photons themselves (SSC) or a radiation field external to the jet (External Compton, or EC). Given the large distance of the jet from the nucleus, we can exclude that an important contribution comes from the stellar and nuclear radiation of the quasar (Schwartz et al. 2000) .
Among other possible external sources of soft photons, the CMB is particularly important. Its energy density, at the redshift of the source, is a factor (1 + z) 4 7.5 times the local value. More importantly, in the frame of the relativistic electrons in the jet, it is enhanced by a factor Γ 2 , where Γ is the bulk Lorentz factor of the emitting plasma (e.g., Ghisellini et al. 1998 ).
For any SSC or EC model, it is possible to constrain the allowed values of magnetic field and Doppler beaming factor using standard formulae (e.g., Tavecchio, Maraschi & Ghisellini 1998) . We assume that the radiating region is approximately spherical, with radius R ∼ 10 22 cm (corresponding to ∼0.3 arcsec; Schwartz et al. 2000) , filled with tangled -5 -magnetic field with intensity B, and characterized by Doppler factor δ ≡ (
The particle distribution is a power law with index n = 2α + 1 (i.e., N(γ) = Kγ −n ), where α = 0.8 is the observed radio spectral slope (Schwartz et al. 2000 ; F ν ∝ ν −α ), and with low and high energy cut-off γ min and γ max , respectively. Note that the X-ray spectrum also has this spectral index, α ∼ 0.8 (Chartas et al. 2000) , as expected in either EC or SSC models.
Using standard expressions for synchrotron and inverse Compton emissivities, corrected for Doppler beaming, and using the observed radio, optical, and X-ray fluxes as constraints, for both models the allowed values of B and δ describe a line. These are shown in Figure 1 for the SSC and EC/CMB models. Also shown in Figure 1 are lines corresponding to equipartition between magnetic field and radiating particles for two values of the assumed γ min (the line is rather insensitive to the value of γ max ).
The SSC line depends primarily on the ratio of observed X-ray to radio luminosity.
The condition for the EC/CMB model has a different slope due to the role of additional beaming of the CMB radiation in the rest frame of the emitting plasma -i.e., the electrons "see" a beamed CMB flux from the forward direction (e.g., Dermer 1995 , Ghisellini et al. 1998 ). For the SSC emission, a greater degree of beaming implies a lower synchrotron energy density in the jet frame, which in turn implies lower values of the magnetic field for a given Compton/synchrotron luminosity ratio (solid line in Fig. 1 ). In the EC/CMB model (dashed line in Fig. 1 ), in contrast, the amplification of the external radiation increases with δ, implying a larger energy density of soft photons in the jet frame, and thus a higher magnetic field for a given L C /L S .
From Figure 1 it is clear that the SSC model implies a very large deviation from equipartition unless the source is significantly de-beamed, with δ ≤ 0.1 (Schwartz et al. 2000) , while the EC/CMB model is compatible with equipartition for a moderate value of the Doppler factor, δ ∼ 10. This is consistent with measurements of superluminal motion in -6 -the PKS 0637-752 jet on VLBI scales (Lovell 2000) , Γ > 18 and θ < 6.4
• (implying δ > 8).
Reproducing the Spectral Energy Distribution
We computed spectral energy distributions (SED) for both the synchrotron plus EC/CMB and the synchrotron plus SSC models for a homogeneous sphere filled with relativistic electrons (as described by Tavecchio et al. 1998) . The CMB spectrum is modeled as a blackbody and the Compton scattering calculation takes into account the full Klein-Nishina cross-section. In Figure 2 we compare our best results with the observed radio, optical and X-ray fluxes from knot WK7.8 (from Chartas et al. 2000) .
The EC/CMB spectrum is obtained using equipartition values for the parameters, B = 1.5 × 10 −5 G and δ = 10 (see Fig. 1 ). For the small angles implied by VLBI observations, θ ∼ < 6
• , we can also assume δ ∼ Γ. The electron distribution is described by a power law with low-and high-energy cutoffs, γ min = 10 and γ max = 4 × 10 5 , and normalization K = 6 × 10 −5 cm −3 . The value of γ min was chosen so that the low energy spectral break of the EC/CMB component lies in the range 10 16 Hz ∼ < ν break ∼ < 10 17 Hz.
We could fit the spectrum with values in the range 5 ∼ < γ min ∼ < 20; for lower γ min the EC emission would over-predict the observed optical flux, while for higher values the X-ray spectrum would have a very steep slope. The value of γ max is fixed by the optical point and
by the values of B and δ. For the above parameters the SSC contribution is several orders of magnitude below the EC/CMB emission and is not visible in the figure. The predicted X-ray spectral slope matches well the observed slope (α X = 0.8; Chartas et al. 2000) .
We calculated the SSC spectrum for the marginally unbeamed case, δ = 1 and B = 1.2 × 10 −6 G (see Fig. 1 ), as a sort of "best case" scenario. For larger beaming (δ > 1), the magnetic field is even farther from equipartition (B < 10 −6 G), while for lower Doppler factor (a very de-beamed jet), the jet may approach equipartition but the total implied energy grows very large (see further discussion below). The low-and high-energy cut-offs of the electron distribution are γ min = 2.5 × 10 3 and γ max = 4 × 10 6 , respectively, and the normalization is K = 19 cm −3 . The high value of γ min is imposed by the necessity of truncating the SSC spectrum below the soft X-ray band in order not to overproduce the optical flux. If, as in Fig 2, the low-energy tail of the SSC spectrum gives a significant contribution to the optical flux a strong UV emission from the jet would be expected. Note also that the predicted X-ray spectrum is somewhat harder than actually observed.
Discussion: The Power of the Jet
Given B and δ, together with the observed synchrotron flux, we can calculate the total kinetic power transported by the jet:
(e.g., Celotti, Padovani & Ghisellini 1997) , where U p , U e , and U B are the energy densities of protons, electrons, and magnetic field, respectively.
The constraints are quite interesting in the case of the EC/CMB model, because most of the jet energy is in the less relativistic electrons (given their steep energy distribution), and it is those electrons that produce most of the X-ray emission. For minimum electron
Lorentz factor γ min = 10 as derived above, and assuming equal numbers of electrons and (cold) protons, we find L j = 3 × 10 48 erg s −1 , consistent with the jet power estimated for the most powerful blazars (e.g., Celotti, Padovani & Ghisellini 1997; Tavecchio et al 2000) .
This is also consistent with the kinetic luminosity required to power the lobes of giant radio galaxies (Rawlings & Saunders 1991) .
In contrast, the SSC model requires an unreasonably high value of the jet power. For -8 -δ = 1, even if Γ = 2 (which would imply θ ∼ 60 • ) and for the lowest possible electron cutoff energy, γ min = 2 × 10 3 from the spectral constraints discussed above, we find L j > 10 49 erg s −1 irrespective of the proton contribution since the average energy of the electrons is larger than the proton mass. For the de-beamed case the situation becomes far worse. Also, the de-beamed model implies that the jet, the projection of which is very well aligned from VLBI to kiloparsec scales, must actually bend away from us through a 90-degree angle.
In the EC/CMB model the radiative power of the knot is dominated by the γ-ray peak.
Its beaming-corrected value (Sikora et al. 1997 ) is P rad 6×10 43 erg s −1 . The position of the γ-ray peak, ν peak ν CMB δ 2 γ 2 max , is very well constrained because the CMB peak frequency (ν CMB ) is known and the values of the Doppler factor (δ) and the maximum Lorentz factor (γ max ) are well constrained by the assumption of equipartition. The corresponding γ-ray power for the minimally beamed SSC model (δ = 1) is P rad = 6.7 × 10 45 ergs s −1 , and this value increases rapidly with decreasing δ.
Even for the EC/CMB model, the kinetic power of the jet is very high compared to the observed luminosity, implying very low radiative efficiency. (The efficiency is higher for the SSC model and it increases as δ decreases.) The electrons emitting via synchrotron in the optical band and via EC/CMB in the γ-rays have relatively short lifetimes, t cool ∼ 10 11 s (Compton cooling dominates synchrotron cooling) and can travel for at most d ∼ < Γct cool ∼ 10 kpc. This is consistent with (∼ 3 times) the size of the knot, which can therefore arise from a single acceleration site. Given the close alignment of the jet with the line of sight, its minimum de-projected length is ∼ 1 Mpc, and in situ reacceleration beyond knot WK7.8 is required in either case.
We conclude, from spectral, equipartition and jet power arguments, that inverse
Compton scattering of CMB photons is the most likely emission mechanism for the observed -9 -X-rays from PKS 0637-752.
Conclusion
We have shown that the X-ray emission from knot WK7.8 in the PKS 0637-752 jet likely originates from upscattering of CMB photons provided the jet is still relativistic on kiloparsec scales. The physical parameters in the emitting region are consistent with equipartition for moderate values of the Doppler beaming factor, δ ∼ 10, which also agrees with observed superluminal motion in this jet (albeit on much smaller scales). Given a high degree of relativistic beaming, the size of the knot is also consistent with the diffusion length for the radiating electrons.
Modeling the radio-to-X-ray continuum constrains the value of the minimum Lorentz factor of the emitting electrons to be γ min ∼ 10. This is the first such constraint from spectral modeling. Generally, the synchrotron emission from these electrons is self absorbed (here, ν abs ∼ 10 6 Hz). Minimum values for electron energy have been inferred from general arguments (e.g., Reynolds et al. 1996) or the lack of Faraday depolarization (e.g., Wardle et al. 1998) , but a direct probe of γ min is possible only when the observed spectrum describes a sharp break in the Compton-scattered radiation.
The estimated kinetic power of the jet, L j ∼ 10 48 ergs s −1 , is then consistent with that of other powerful blazar jets. The SSC model requires far less reasonable assumptions, notably that the parsec-scale jet is nearly aligned with the line of sight but the kiloparsec-scale jet is roughly in the plane of the sky, and implies a jet kinetic power at least one order of magnitude larger. Observations of the jet in the UV could help discriminating between the two possibilities.
With the favored EC/CMB model (and also in the SSC case), the X-ray jet has -10 -remarkably low radiative efficiency, suggesting PKS 0637-752 should have powerful extended radio lobes or be in an early phase of evolution.
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